non-invasive species showed significant foraging responses to heterogeneity in clonal growth organ biomass or in aboveground biomass of clonal offspring. Invasive species had, however, a greater positive foraging response in terms of root and belowground biomass than non-invasive species. Invasive species also produced more total biomass. Our results suggest that the ability for strong root foraging is among the characteristics promoting invasiveness in clonal plants.
Introduction
clonal growth has been frequently mentioned as a trait that contributes to plant invasiveness (reichard and hamilton 1997; lloret et al. 2005; Pyšek and richardson 2007; speek et al. 2011) . Indeed, a considerable number of the most invasive plant species worldwide are capable of clonal growth (Pyšek 1997; liu et al. 2006) . The benefits clonal plant species may have over non-clonal species during invasion may include their ability to vegetatively reproduce and survive in the absence of suitable pollinators and the ability to effectively and quickly cover a site through clonal growth (baker 1965; Pyšek 1997) . even though clonality is correlated with invasiveness, many clonal plant species have not become invasive, and it is not known which traits make some clonal species more invasive than others.
Phenotypic plasticity-the change in the expressed phenotype of a genotype as a function of the environment (bradshaw 1965)-is frequently mentioned as a characteristic promoting invasiveness of plant species, both clonal and non-clonal (baker 1965; richards et al. 2006 ; hulme 1 3 2008). The idea here is that species capable of showing highly plastic responses to changes in certain environmental factors (hereafter referred to as "plastic species") can express optimal phenotypes in different habitats and under different growing conditions. such plastic species should therefore be more likely pre-adapted to new environments encountered in the introduced regions. although some studies have shown that highly invasive species were more plastic than native species (Drenovsky et al. 2008; Davidson et al. 2011) or less invasive alien species (Kercher and Zedler 2004; Dawson et al. 2011) , this pattern was not found in several other studies Palacio-lópez and Gianoli 2011; van Kleunen et al. 2011) . Therefore, more research is needed to test to what extent plasticity in general promotes invasiveness, and for which specific plant traits and environmental factors in particular.
as many resources, such as nutrients, are generally patchily distributed at scales as small as a few centimeters (hodge 2004 and references therein), different parts of a single plant may be exposed to different environmental conditions. because individuals of many clonal plants can cover large areas as a consequence of their spreading growth form, they are especially likely to experience nutrient heterogeneity within the reach of their root systems. They can potentially adjust the morphology of their clonal growth organs (e.g., rhizomes and stolons) and roots (De Kroon and hutchings 1995) in response to nutrient-rich and nutrient-poor patches. This so-called foraging response is thought to enable plants to better use the nutrients available to them. as a result, foraging could contribute to the success of clonal plant species (Jackson and caldwell 1989) , and might make clonal plant species with strong foraging responses more invasive than others. James et al. (2009) compared the nutrient foraging response of three invasive to that of three native forb species. They found no differences in the foraging response (log response ratio of root length density in high-nutrient and low-nutrient patches) between the invasive and native species. This type of comparison does not reveal why some alien species become invasive and others do not, and whether species are preadapted to become invasive . so far, no direct comparison between the strength of the foraging responses of alien species of different invasion success has been made.
To test whether a strong foraging ability pre-adapts clonal species to become invasive, we conducted a multispecies greenhouse experiment in which we compared the nutrient-foraging response of native european clonal plant species differing in invasion success in the Usa. We used six confamilial species pairs from six different plant families. Within each species pair, one species has become invasive (i.e., is a noxious weed and a natural-area invader) in the Usa, and the other species has become naturalized but is not listed as invasive. We grew all 12 species in homogeneous and heterogeneous nutrient environments, and assessed their foraging responses (biomass of clonal growth organs and roots) and plant performance (total biomass production). We addressed the following questions:
1. Do european clonal plant species that have become invasive in the Usa have a stronger foraging response to nutrient heterogeneity, i.e., have a higher ability to place relatively more root and/or clonal growth organ biomass in nutrient-rich than in nutrient-poor patches, than european clonal plant species that have not become invasive in the Usa? 2. Is there a difference in overall performance under heterogeneous and under homogeneous nutrient conditions between european clonal plant species that have become invasive in the Usa and species that have not become invasive?
Materials and methods
species selection and pre-cultivation
We used 12 clonal plant species native to europe, subdivided into six confamilial species pairs ( (Table 1) . before introduced alien species become invasive, they frequently experience a lag phase [i.e., they are present, but not spreading (Kowarik 1995; larkin 2012) ]. Therefore, our non-invasive species may not be invasive yet, simply because they might have been introduced more recently than our invasive species. The exact years of introduction of our species to north america are not known, because our species were most likely introduced by accident. Therefore, we looked for the earliest records of our species in online herbaria from all over north america. We found dated records for ten of the 12 species, and the earliest records of these species went back more than 100 years (Online appendix; Table 1 ). For three species pairs, the record of the invasive species was older, and for one pair, the pattern was reversed. The remaining species with herbarium records belonged to different pairs. The overall trend towards older records for invasive species could reflect that they were introduced earlier than the noninvasive species. however, we think it more likely that the age of the record reflects a species' invasiveness, because invasive species are more likely to be encountered and collected by botanists, even when they were introduced at the same time as the non-invasive species (bucharova and van Kleunen 2009; Daehler 2009) . Furthermore, it is unlikely that there has been a bias towards earlier introduction of species with a strong foraging response. so even if invasive species were introduced earlier, a difference in foraging between invasive and non-invasive aliens would still be interesting and relevant.
We selected species pairs from the following plant families: apiaceae, asteraceae, caryophyllaceae, lamiaceae, Poaceae and scrophulariaceae. Ten of our species grow clonally by producing rhizomes (i.e., belowground stems; Table 1 ). One invasive species (Glechoma hederacea) and one non-invasive species (Veronica chamaedrys) grow clonally by producing stolons (i.e., aboveground stems; Table 1 ) (Klimešová and Klimeš 2006) . We used confamilial species pairs, which allowed us to avoid taxonomic bias of invasive and non-invasive species. The use of congeneric species pairs was not possible because of the strong restrictions placed on the species characteristics. In spring and summer 2009, we collected ramets of each study species from wild populations in europe, i.e., the native range.
To have a more representative sample per species, we used material from two populations instead of one population per species. These populations were at least 80 km apart. Within each population, we collected 20 ramets with a experimental set-up
We carried out the experiment in the same uncontrolled greenhouse, where the pre-cultivation took place. To allow plants to produce offspring ramets at a natural distance and depth, we used large, circular pots (60 cm diameter, 36 cm high) filled with 60 l of a 1:1 mixture of sieved sand (0-4 mm) and swiss agricultural soil with high clay content. The background n concentration in our pots was quite high (total soil n concentration was 0.24 mass percent). One may expect species with a high demand for nutrients to forage more under these circumstances than species with a low nutrient demand. For this reason, we balanced the nutrient needs (i.e., ellenberg nutrient indicator values) of the invasive and non-invasive species across species pairs (Table 1) . Therefore, it is unlikely that nutrient demand per se influenced the difference in the foraging responses between invasive and non-invasive species in our experiment. half of the pots were assigned to a homogeneous nutrient treatment, the other half to a heterogeneous nutrient treatment. each pot received 135 g slow-release fertilizer (Osmocote exact standard 5-6M). In the pots assigned to the homogeneous treatment, we mixed all fertilizer homogeneously into the soil. In the pots assigned to the heterogeneous treatment, all fertilizer was added to the two quarters directed to the north and the south (Fig. 1) . We prevented nutrient leakage between the four pot quarters by taping four pieces of water-impermeable root-barrier (rootbarrier 325; rootbarrier, lelystad, the netherlands) to the side and bottom of all 288 pots before they were filled with soil. We left a 10 × 10-cm section in the center of each pot root-barrier-free to allow development of roots and clonal growth organs in any direction (Fig. 1) .
From each of the two populations per species, we planted offspring ramets of six plants in the experiment. From each of these 12 plants per species, we took two daughter ramets of similar size (i.e., 24 ramets per species). We cut rhizomes or stolons that we took from the same plant into pieces of equal size (and all <14 cm), and removed all flowers, if any. although Silene dioica had produced rhizomes in the field, it had not developed them during pre-cultivation. Therefore, we cut two similarly sized rosettes from each mother ramet. We then randomly assigned one of the two daughter ramets of each plant to the heterogeneous nutrient treatment and the other ramet to the homogeneous nutrient treatment, so that the same genetic material was represented in each treatment. We planted ramets in the middle of the pots on 6 June 2010. To avoid pre-determination of growth direction of clonal growth organs into the quarters, we placed rhizomes and stolons in line with the root barrier. We placed the 288 pots in the glasshouse in a randomized block design with six blocks. each block contained the two ramets from one plant from each population. as a measure of initial size, we counted the number of leaves on each plant. harvest and measurements From 1 to 26 October 2010 (i.e., 4 months after the start of the experiment), we harvested biomass from each pot in five parts: the central 10 × 10-cm section and the four surrounding pot quarters (Fig. 1) . First, we cut aboveground biomass at soil level. For the two stoloniferous species V. chamaedrys and G. hederacea, we separated stolons from other aboveground parts. stolons of G. hederacea had grown out of their pots, and we therefore separated aboveground biomass into "inside-" and "outside"-pot biomass. We washed belowground parts from the soil, and separated rhizomes from the roots. Linaria vulgaris only developed roots with adventitious buds but no true rhizomes. all biomass samples were dried at 80 °c for at least 72 h and weighed. Ten plants died during the experiment, and were excluded from the analyses. Fig. 1 Illustration of experimental treatments. Pots were divided into four quarters [north (n), east (e), south (s), west (W)], which were separated from each other by water-impermeable root barrier, leaving a 10 × 10-cm root-barrier-free space in the middle. In the homogeneous nutrient treatment, all pot quarters were enriched with 33.75 g slow-release fertilizer. In the heterogeneous treatment, the n and s quarters were enriched with a double dose of fertilizer; the e and W quarters did not receive any additional fertilizer. The total amount of fertilizer was thus the same for both treatments statistical analyses
We performed two sets of analyses. First, we tested whether there was a difference in foraging response between invasive and non-invasive plant species. For these analyses, we compared clonal growth organ biomass, belowground biomass (including rhizomes), root biomass and aboveground biomass (including stolons) in the different pot quarters. because we were interested in whether plants can differentiate between low and high nutrient levels rather than between each of the four pot quarters, we combined data of the east and west pot quarters (corresponding to low nutrient patches in the heterogeneous treatment) and of the north and south pot quarters (corresponding to high nutrient patches in the heterogeneous treatment). The central 10 × 10 cm was not included in these analyses. This meant that we had two values per pot in these analyses. second, we tested whether there was a difference in plant performance between invasive and non-invasive plant species growing in a homogeneous or a heterogeneous nutrient environment. For this analysis, total biomass of all five pot fractions was combined (i.e., there was one value per pot).
We analyzed the data with linear mixed models (Pinheiro et al. 2010) using the function lme in the statistical program r (r Development core Team 2010). These models allowed us to take the nested design of our experiment into account (included as a random structure), and are relatively robust when data are not completely balanced. We also used the lme function because this, in contrast to other mixed-model functions in r, allowed us to correct for the large differences in variance between species (i.e., heteroscedasticity) by adding species variances as a weighting factor (Zuur et al. 2009 ).
Invasiveness of species, the nutrient treatment (homogeneous versus heterogeneous treatment), the patch direction (north + south vs. east + west) and their interactions were included as fixed terms. To account for variation in initial size, the number of leaves at the start of the experiment was included as a covariable. We accounted for the hierarchical design of our study by including a nested random structure into the models: family/species/population/plant/ pot. because the lme function in r only allows for one random structure at a time, block was included as a cofactor in the fixed part of the model. When total biomass of each plant in a pot was analyzed, growth direction was excluded from the fixed terms, and pot was excluded from the random structure.
We tested the significance of the three-way interactions by removing each three-way interaction in turn and comparing these models to the full model. We tested the significance of the two-way interactions by removing each one in turn and comparing these models to the model with all two-way interactions. We tested the significance of the single explanatory variables by removing each one in turn and comparing these models to a model with all explanatory variables in it, but none of their interactions. To achieve normality of the residuals, we square-root transformed all data for performance of the whole clone, and we did the same for the following analyses of foraging response: aboveground biomass and belowground biomass. We fourth-root transformed root biomass and clonal growth organ biomass ( Table 2 ). Plants that did not produce clonal growth organs were excluded from the analyses in which we tested foraging effects in clonal growth organs or aboveground biomass. This was particularly the case in S. dioica, which hardly showed any clonal growth. This species was therefore excluded from the analysis of clonal growth organs. because L. vulgaris clonally reproduced through roots with adventitious buds, rather than through rhizomes, the species was excluded from the analysis of clonal growth organs.
Results

Foraging response
Clonal growth organs
The biomass of clonal growth organs did not differ between the homogeneous and heterogeneous nutrient treatments (Table 2 ; Fig. 2) . Overall, invasive plant species achieved a greater biomass of clonal growth organs than non-invasive plant species (Table 2; Fig. 2) . however, invasive and noninvasive plants did not differ in their responses of biomass of clonal growth organs to the nutrient treatment and the direction of the pot parts (Table 2 
Belowground biomass
There was no difference in overall root and belowground biomass between the homogeneous and the heterogeneous nutrient treatment (Table 2; Fig. 2) . however, under heterogeneous, but not under homogeneous nutrient conditions, plants produced, on average, more root and belowground biomass in the north-south direction (i.e., the high-nutrient pot parts of the heterogeneous treatment) than in the eastwest direction (Table 2 ; Fig. 2 ). This indicates that there was a foraging response.
Invasive species produced more root and belowground biomass than non-invasive species (Table 2; Fig. 2 ). For invasive species, plants produced similar root biomass and belowground biomass in the north-south and the east-west direction in the homogeneous treatment, but produced more in the north-south than in the east-west direction in the 1 3 heterogeneous treatment (Table 2 ; Fig. 2 ). For non-invasive species, however, there were no differences in root biomass and belowground biomass between the homogeneous and the heterogeneous treatments (Table 2 ; Fig. 2 ). such differences in the effects of nutrient treatments on the belowground biomass placement between invasive and non-invasive species were reflected in a significant invasiveness x treatment x direction interaction (Table 2 ). These results indicate that, on average, invasive species had a stronger belowground foraging response than non-invasive plant species [ Table 2 ; Fig. 2 , Online appendix (Fig. 1b, c) ].
Aboveground biomass
Plants produced more aboveground biomass in the homogeneous than in the heterogeneous nutrient treatment (Table 2 ; Fig. 2 ). Independent of nutrient treatment, invasive plants produced more aboveground biomass in the north-south direction than in the east-west direction, whereas non-invasive plants showed a slight trend for the opposite pattern (Table 2 ; Fig. 2 ). The biomass response to the homogeneous and heterogeneous treatment was not different for invasive and non-invasive species. Furthermore, there were no significant foraging responses in terms of aboveground-biomass production between invasive and non-invasive species [i.e., no significant invasiveness × treatment × direction interaction, Table 2 ; Fig. 2 , Online appendix (Fig. 1d) ].
Overall plant performance
On average, plants growing in the homogeneous treatment produced more biomass than plants in the heterogeneous treatment (Table 2 ; Fig. 3 ), and invasive species produced more biomass than non-invasive species [ Table 2 ; Fig. 3 , Online appendix (Fig. 2) ]. These two effects were also significant for total aboveground biomass (Table 2) and total belowground biomass (Table 2 ).
Discussion
We found that invasive clonal plant species in our experiment had a significantly higher belowground foraging response than non-invasive ones. This difference that was most striking in the Asteraceae species pair. We found more root biomass as well as more belowground biomass (including mass of roots and rhizomes) in nutrient-enriched patches compared to nutrient-poor patches across our invasive species. because foraging is most likely an expression of adaptive phenotypic plasticity, our study supports the idea that the potential for strong phenotypic plasticity plays a role in plant invasions (baker 1965; richards et al. 2006; hulme 2008) . Furthermore, a growing body of recent multi-species research shows that invasiveness of plant species is partly determined by the way they deal with or respond to soil nutrient availability (Dostál et al. 2013) or changes therein (burns 2008; Dawson et al. 2012a, b) . We can now add to this list that the way they deal with smallscale spatial heterogeneity in the distribution of soil nutrients may play a role in species invasiveness as well.
There could be several roles of clonal growth organs in foraging of clonal plants. First, clonal plants themselves could actively grow more ramets into high-nutrient patches. second, placement of ramets could be undirected and when these ramets encounter a nutrient-rich patch, an increase in root proliferation or nutrient-uptake rate ensures exploitation of nutrients in that patch (De Kroon and hutchings 1995) . In our experiment, we provided the ramets with large pots, because we wanted to give all 12 species enough space to clonally reproduce in a natural way and give them the opportunity to forage in either manner described. even though most plants produced a considerable number of ramets, we did not observe more clonal growth organ biomass in nutrient-rich patches than in nutrient-poor patches in either invasive or non-invasive species. Part of this lack in response could have been caused by the relatively high background nutrient concentration of the soil. If the background nutrient concentration would have been lower, the response might have been stronger. In any case, the observed increase in root-and belowground biomass in nutrient-rich patches suggests that the second mechanism of foraging was taking place. These results are in line with the ideas of de Kroon and hutchings (1995) , who suggested that clonal plants forage for soil nutrients via morphological plasticity of orthotropic roots, rather than through directed ramet placement, as the latter was seldom found in previous studies. Moreover, stuefer (1996) argued that clonal foraging through directed ramet placement may be limited due to the unpredictability of natural nutrient patches in space and time.
Our results suggest that some clonal plants may be partly pre-adapted to become invasive elsewhere through a strong root foraging response to stable nutrient patches. This belowground foraging response was, however, not reflected in the allocation of aboveground biomass between the patches. Interestingly, irrespective of the nutrient treatment, invasive species produced more aboveground biomass in the north-south than in the east-west direction, whereas non-invasive species showed a slight trend for the opposite pattern. Possibly, this unexpected finding indicates that invasive and non-invasive plants differ in their strategy of optimizing light interception. We therefore suggest that future studies should test whether invasive and non-invasive plant species differ in their ability to forage for light.
The strength of the foraging response has been found to be correlated with species characteristics typical for weedy species such as a fast relative growth rate and a fast resource uptake in a database study by Kembel et al. (2008) . We found that the response was stronger in invasive species than in non-invasive species. as also found in several other comparative studies (e.g., schlaepfer et al. Van Kleunen et al. (2011) , our invasive species produced more biomass-indicating a higher relative growth ratethan our non-invasive species. Our results thus corroborate the results of Kembel et al. (2008) , but this also means that the stronger foraging responses in invasive species could also be explained by their probably higher relative growth rate.
Plants do not only respond to heterogeneity by morphological plasticity, but can also regulate their nutrient-uptake kinetics (Fransen et al. 1999; James et al. 2009 ) by increasing the activity of nutrient transporters in the root cells (bassirirad 2000) . This physiological foraging response is expected to be stronger in species with a low relative growth rate or when nutrient pulses are short (robinson and Van Vuuren 1998; James et al. 2009 ). since most of our non-invasive species did not grow as fast as the invasive species, this may also explain why we did not find a significant foraging response in the non-invasive species. Furthermore, it could also explain why we found no difference in the total biomass response to nutrient heterogeneity between the invasive and the non-invasive species.
In our experiment, when growing by themselves in competition-free pots, invasive species showed a stronger foraging response than the non-invasive species (Table 2; Fig. 2 ). In nature, plants usually grow in competition with others and this can interact with the way they forage. Foraging has been reported to increase the competitive potential of species by enabling them to increase their nutrient uptake rate in nutrient-rich patches (robinson et al. 1999) , and this effect has been hypothesized to be additive for competitive species and less so for competitively weaker species (Mommer et al. 2012 ). It has also been shown that the proportion of competitive and competitive-ruderal strategists among established alien plant species in the czech republic is much higher than in the native flora (Pyšek et al. 1995) . Therefore, we would expect invasive species to be able to forage more for nutrients in competitive environments than non-invasive species. This, however, remains to be tested.
The root-foraging responses we found in our experiment are responses to long-term stable patches of increased nutrient availability. In natural soils, nutrient availability is frequently not only spatially variable, but also temporally variable (stuefer 1996; James et al. 2009 ). In many systems, nutrients generally become available in pulses through breakdown of organic material. such fluctuating resource levels could increase invasibility of native ecosystems (Davis et al. 2000) . Fast and effective exploitation of such pulses could be advantageous to species growing in competition with others and as such, one might expect invasive species to be better in this respect than non-invasive species (Dawson et al. 2012a; Parepa et al. 2013) . In comparison to co-occurring native species, the n uptake rate was 15 times larger in invasive than in native forbs in a foraging experiment in which all plants were supplied with weekly nutrient pulses (James et al. 2009 ). It would be very interesting to know whether this is the case for non-invasive alien species too.
To our knowledge, our experiment is the first to compare the nutrient foraging response of invasive to that of noninvasive clonal plant species. We did not find a significant foraging response by means of plasticity in clonal growth organs. however, we found slightly stronger root-and belowground-foraging responses to stable nutrient patches in invasive species compared to non-invasive species. even though this difference in foraging response may be related to the differences in relative growth rate of the selected study species in this experiment, we believe that it still gives insight into one of the potential plant traits underlying species invasiveness. To find out whether this relationship between foraging response and invasiveness is a general one, more experiments with other species are needed, as well as experiments in which species pairs are corrected for relative growth rates. Furthermore, since we have only investigated biomass responses, it would also be very interesting to find out which morphological and/or physiological changes cause the difference in the observed biomass foraging response between invasive and non-invasive species.
